Stress-resistant barrows were randomly assigned to groups of 15: I, control; lI, hemorrhage 7.4 h before antemortem treatment; III, iv infusion of .45% NaCI 30 rain before antemortem treatment; IV, iv infusion of 6% dextran (molecular weight 70,000) in saline 1 h before antemortem treatment and V, water deprivation for 48 h before antemortem treatment. Five barrows each within groups I through V were randomly assigned to three antemortem treatments: A, iv infusion 50% MgSO, anesthesia; B, a forced walk of 100 m and electrical stunning (80 V for 20 s) and C, a forced walk, 5 min restraint with the use of a snare and electrical stunning. Postmortem muscle glycolysis was not affected by modification of fluid volumes before MgSO 4 anesthesia or alteration of redblood-cell mass in pigs exsanguinated under stress. However, an increase in fluid volume of the extravascular space accelerated postmortem glycolysis in pigs exsanguinated under stress. Thus, level of free water in muscle at exsanguination may control postmortem metabolism regardless of other antemortem extra-and intramuscular factors.
Introduction
Porcine stress syndrome (PSS) and pale, soft, exudative pork syndrome (PSE) continue to plague the swine industry throughout the world. An excellent review was recently published by Mitchell and Heffron (1982) that described predictive tests for and the biochemical and physiological etiology of these syndromes. Porcine stress syndrome is characterized by sudden death after exposure to natural stressors such as transport, high ambient temperature, exercise, fighting, mating and parturition. During an episode of PSS, bloodglucose concentration and the rate of muscle glycogenolysis increase, resulting in lactacidosis and lower blood pH. In addition, the skin appears blotchy, heat loss is reduced and respiration rate and heart rate increase, resulting in eventual cardiac fibrillation. Rigor morris occurs rapidly after death. These same changes occur during the onset of malignant hyperthermia (MH), a syndrome triggered by halothane. Therefore, it is widely accepted that PSS and MH are essentially the same syndromes, and sensitivity to halothane has been used to detect PSS. The PSE condition is associated with rapid postmortem glycolysis in skeletal muscle, resulting in rapid glycogen depletion and lactate accumulation. Because about two-thirds of PSS pigs also develop PSE after death (Topel, 1972) , there has been a tendency for researchers to assume that these syndromes are closely related and may be caused by the same mechanisms.
Studies reviewed by Cassens et al. (1975) and Mitchell and Heffron (1982) indicate that there is an abnormal condition in musculature of PSE-prone pigs. It is not known if PSS and PSE are natural consequences of changes in the structure of muscles coincidental with selection 646 J. Anim. Sci. 1986 .62:646-659 for meatiness, or result from the inefficiency of extramuscular systems during stress. Berman et al. (1970) reported that during development of MH there was: (a) a shift of water into the intracellular space, (b) a shift of Ca ++ and Mg ++ into the extracellular space, (c) a release of phosphate into the plasma, (d) an increase in blood glucose and (e) uncompensated metabolic acidosis resulting from a rise in plasma lactate. Therefore, the objective of this study was to determine the effect of changing the oxygen-carrying capacity (red-blood-cell mass) and fluid equilibrium of the vascular bed and extravascular space on the response to shortterm stress and the rate of postmortem muscle metabolism and meat quality in stress-resistant pigs.
Materials and Methods
Selection of Stress-Resistant Pigs. Experiments were conducted on Polish Landrace barrows from the Olszanica swine herd of the Agricultural Academy of Krakow. The incidence of PSE in the summer season in this population of animals is 20%. A preliminary study was conducted with 45 barrows of approximately 50 kg body weight and negative to halothane to determine activities of various plasma enzymes [ereatine phophokinase (CPK), lactate dehydrogenase (LDH), glutamicoxaloacetic transaminase (GOT) and glutamicpyruvic transaminase (GPT)] that might serve as indicators of stress resistance (Mitchell and Heffron, 1982) and, therefore, be used in addition to the halothane test for selecting stress-resistant animals. The halothane test as described by Eikelenboom and Minkema (1974) was administered to a group of barrows at 9 wk of age. At 50 kg body weight, blood samples were taken by jugular-vein puncture from 45 halothane-negative barrows after a 5-min period of restraint with the use of a snare. The only significant correlation was between plasma CPK and LDH activities (r = .47). Plasma CPK activity was over 50 U/liter in 23% and plasma LDH activity was over 300 U/liter in 25% of the barrows. Based on this survey, a pig was considered stressresistant if the halothane test was negative, plasma CPK activity was below 50 U/liter and plasma LDH activity was below 300 U/liter after 5 min of restraint.
Treatments. Seven days before treatment, the jugular veins of 75 stress-resistant barrows of approximately 110 kg body weight were cannulated with teflon tubing under pentobarbital anesthesia. It was assumed that total blood volume was 5 liters/lO0 kg body weight.
Circulating red-blood-cell (RBC) mass and fluid volume in the vascular bed and extravascular space were modified as follows: I, control; II, hemorrhage of 25% total blood volume 24 h before antemortem treatment; III, iv infusion of .45% NaC1 solution equivalent of 50% of the total blood volume at 60 ml/min 30 min before antemortem treatment; IV, iv infusion of 500 ml of 6% dextran (molecular weight 70,000) in .9% saline per 100 kg body weight at 20 ml/min 1 h before antemortem treatment and V, water deprivation 48 h before antemortem treatment. Five barrows each within the fluid volume modification groups were randomly assigned to three antemortem treatments: A, iv injection of 50 ml of 50% magnesium sulfate (MgSOa) at 15 ml/min; B, a forced walk of 100 m and electrical stunning (80V for 20 sec) and C, a forced walk of 100 m, 5 min restraint with the use of a snare and electrical stunning. Blood samples were collected before and after fluid modification, up to 3 min after MgSO4 infusion and after antemortem treatments, and the following parameters were determined: hematocrit (Ht), hemoglobin (Hb), plasma concentrations of protein (PP), lactate, glucose, inorganic phosphate (Pi) and cortisol. Changes in body temperature also were recorded.
Within 3 min of exsanguination, a 20-g sample was taken from the longissimus muscle at the 13th rib of the right side of the carcass while the carcass was processed by conventional methods. At 45 min postmortem, muscle pH was measured and a 20-g sample was taken from the longissimus muscle at the 13th rib of the left side of the carcass. The carcass was placed in a cooler at 2 C 1 h after slaughter. At 24 h postmortem, muscle pH was measured, the left side of the carcass was cut behind the last thoracic vertebra and the color of the freshly cut longissimus muscle was estimated by a scoring system. A 3-cm-thick chop was taken at the first lumbar vertebra, wrapped in aluminum foil and stored at 5 C until analysis.
The following analyses and measurements were performed on the longissimus muscle samples: at 0 to 3 min postmortem -glycogen, lactate, total nucleotide, R value (the degree of deamination of the adenine moiety) and moisture content; at 45 min postmortemglycogen, lactate, total nucleotide, R value and pH; at 24 h postmortem -color (expressed as reflectance at 560 nm), transmission value (a spectrophotometric measurement of sarcoplasmic protein solubility), expressible juice and pH. In addition, ham temperature and the rigor value of the semimembranosus muscle were measured at 45 min postmortem. Semimembranosus and adductor muscle pH also was measured at 24 h postmortem.
Blood Analysis. Hematocrit was determined in microcapillary tubes and Hb by the method of Tomaszewski (1970) . A microbiuret test (Mejbaum-Katzenellebegen and Mochnacka, 1966) using bovine serum albumin as a standard was used to determine PP concentration. Plasma-glucose concentration was determined according to the procedure of Bergmeyer and Bernt (1965) and lactate by the method of Hohorst (1965) . Inorganic phosphate was quantitated by an assay kit ~4. Plasma-cortisol concentrations were determined by radioimmunoassay (Stupnicki, 1979) .
Plasma CPK and LDH activities were estimated s. Plasma glutamic oxaloacetic transaminase (GOT) and glutamic-pyruvic transaminase (GPT) activities were assayed 6 .
Muscle Analysis. Moisture was determined by weighing tissue before and after heating at 105 C for 24 h. Muscle samples were digested in boiling 30% KOH and the glycogen was precipitated with 95% ethanol. Measurement of the glucose (Bergmeyer and Bernt, 1965) liberated from hydrolysis of the isolated glycogen with 2 N H 2 SO4 was an indicator of glycogen content. Lactate was determined by LDH in protein-free extracts.
Total nucleotide level and R value were measured in acidic extracts prepared by homogenization of one part muscle in five parts 1 M perchloric acid for 30 s. The homogenate was centrifuged and .1 ml of the supernatant was diluted to 5.0 ml with .1 M phosphate buffer (pH 7.0). Absorptions at 250, 258, 260 and 265 nm were measured with phosphate buffer aMention of a trade name, proprietary product, or specific equipment does not constitute a guarantee or warranty by the U. S. Department of Agriculture and does not imply its approval to the exclusion of other products which may be suitable.
4POCh 263 6-79 5000, Polish Chemical Co., Gilvice, Poland.
s LA-1-225/78 and LA-1-289/78, respectively; Lachema Corp., Chemapol, Czechoslavakia.
6AC 12/11/556 and AC 12/11/558, respectively; Fermoguosh Corp., Dresden, Democratic Republic of Germany.
as a blank. The R value was calculated directly from the 250:260 ratio (Honikel and Fischer, 1977) . Total nucleotide (adenine nucleotides and inosine nucleotides) level was calculated from absorption at 258 nm and the molar fraction of adenine nucleotide according to Bendall and Davey (1957) . Muscle pH was measured with a surface-type electrode.
A rigorometer similar to that described by Sybesma (1966) was used to measure rigidity of the surface of the semimembranosus muscle. A reflectance reading at 560 nm was used as an objective measurement of muscle color. Transmission value, a spectrophotometric measurement of sarcoplasmic-protein solubility (Dekker and Hulshof, 1971) , was obtained after extracting 5 g of muscle with 25 ml of water. Expressible juice was calculated as percent loss in muscle weight after .3 g of muscle was placed on filter paper and pressed between two pieces of plexiglass at 5 kg for 5 min. Visual color score was made on a scale of .5 to 5.0, with 2.5 being normal, .5 being very pale and exudative and 5.0 being abnormally dark.
Statistical Methods. Data were subjected to analysis of variance and the least significant difference between least-squares means was used to distinguish differences between treatment means (Snedecor and Cochran, 1967) . When data were expressed as a change over time, the initial value was used as a covariate.
Results

Effects of Fluid-Volume Modification on
Blood Indices and Metabolites. The effects of modification of fluid volumes in the intra-and extravascular space on blood constituents are presented in table 1. Twenty-four hours after hemorrhage, Ht and Hb, PP and Pi concentrations decreased.
Diuresis failed to occur in pigs during and after an iv infusion of .45% saline, and changes in Ht, Hb and PP were not significant.
At lh after iv infusion of 16% dextran, Ht and Hb and PP concentrations decreased, but concentrations of blood metabolites (with the exception of Pi) and cortisol failed to change. Therefore, intravascular fluid volume increased and the concentration of RBC decreased.
After 2 d of water deprivation, Ht and Hb increased significantly, whereas PP increased slightly. However, blood metabolites and plasma-cortisol concentration were not altered by water deprivation. to 40 ml of 50% MgSO4, some convulsions were observed before total induction of anesthesia with complete muscle relaxation. The effects of MgSO4 anesthesia on blood indices and metabolites are presented in table 2. Hematocrit, Hb, blood concentrations of lactate and Pi increased after MgSO4, whereas PP and plasma-cortisol concentrations were not different before or after MgSOa administration.
Effect of MgSO4 Anesthesia on
Effects of Walking, Restraint and Stunning on Blood Indices and Metabolites.
The effects of antemortem treatments on blood indices and metabolites are presented in.tables 3 and 4. A 100-m walk resulted in a significant increase in Ht, Hb and PP. Hematocrit, Hb and PP were not different before and after restraint applied immediately after walking, but these variables increased further after stunning. In addition, increases in Ht and Hb and PP due to antemortem treatments were similar in all fluidmodification groups.
Plasma-glucose concentration increased by an average of 1 mM/liter after a 100-m walk. As might be expected, when restraint was applied after walking, plasma-glucose concentration increased in groups in which the extravascular fluid volume was decreased (Groups II and V). With the exception of the hemorrhage pigs (Group I1), the increase in plasma glucose was greater during electrical stunning applied after walking than during stunning applied after walking and restraining. The overall increase in glucose during the longer antemortem treatment (treatment C) was greatest in hemorrhage pigs (Group V), and was least in control pigs (Group 1). During the shorter antemortem treatment (treatment B), the overall increase in plasma-glucose concentration was similar in all groups.
Plasma-lactate concentration increased by an average of more than 4 mM/liter after a 100-m walk, with the greatest increase in the pigs infused with hypotonic saline (Group III). Plasma-lactate concentration increased further after electrical stunning in all modification groups, with the least increase in the hemorrhage pigs (Group II). During the longer antemortem treatment (treatment C), the greatest increase in plasma-lactate concentration was in hypotonic saline-infused pigs (Group III), and during the shorter antemortem treatment (treatment B), the greatest increase in plasmalactate concentration was in Water-deprivation pigs and the least increase was in hemorrhage pigs (Group II).
Plasma-Pi concentration increased significantly in pigs forced to walk 100 m. Restraining after walking failed to cause an increase in plasma-Pi concentration. Plasma-Pi concentration increased further after stunning, with the least increase observed in water-deprivation pigs.
The increase in plasma-cortisol concentration after walking was not significant. However, plasma-cortisol concentration did increase significantly after application of restraint after walking in only the hemorrhage and water-deprivation pigs. Plasma-cortisol concentration increased significantly when stunning was applied after walking in the hypotonic saline-infused pigs. Stunning after walking and restraining induced a highly significant increase in plasma-cortisol concentration only in the hypertonic dextran-infused pigs and a significant increase in plasma-cortisol concentration in water-deprivation pigs. At exsanguination after the longer antemortem treatment (treatment C), the highest plasmacortisol concentration was in water-deprivation pigs, while the lowest was in control pigs. However, at exsanguination after the shorter antemortem treatment (B), the greatest plasmacortisol concentration was in hypotonic salineinfused pigs and the lowest was in hemorrhage pigs.
Changes in Body Temperature. Magnesium sulfate anesthesia before exsanguination did not affect body temperature (table 5) . Walking and stunning (treatment B) as well as walking, restraining and stunning (treatment C) resulted in an increase in body temperature. The greatest increase in body temperature was in the hypotonic saline-infused pigs and the lowest in the control and hemorrhage pigs.
Postmortem Muscle Metabolism and Meat
Quality Properties. The percent moisture of muscle from water-deprivation pigs was lower (P<.01) than that from pigs in the remaining groups. Percent moisture of muscle was similar for all other modification groups. Compared with pigs exsanguinated after MgSO4 anesthesia, both antemortem treatments failed to alter percent moisture of muscle.
The rate of postmortem muscle metabolism based on glycogen and lactate content, deamination of the adenine moiety (R value), pH, rigor value and ham temperature (table 6) was similar for all pigs exsanguinated after MgSO4 anesthesia. Muscle quality based on the R value, pH, transmission value, expressible juice, muscle reflectance and color score (table 7) was also similar for all pigs exsanguinated after l~gSO 4 9
In comparison with pigs exsanguinated after MgSO4 anesthesia, both antemortem treatments B and C decreased the initial glycogen content, increased the initial lactate content, stimulated postmortem glycolysis and deamination of adenine nucleotides, increased the rigor value and lowered meat-quality traits. Differences in the rate of postmortem muscle metabolism and meat quality after antemortem treatments B and C were not significant. However, initial muscle-glycogen content was lower for treatment C than B.
Initial levels of glycogen and lactate in muscles of pigs exsanguinated after stunning were similar in all groups. Lactate accumulation in muscle, the rate of deamination of adenine nucleotides, the decrease in pH, rigor development and postmortem muscle temperature increase were highest in the pigs infused with hypotonic saline before walking. Muscle quality indicators such as transmission value, expressible juice, muscle reflectance and visual color score were poorest in the hypotonic salineinfused pigs. Muscle of most of the pigs infused with hypotonic saline before walking displayed characterisitics typical of PSE.
Discussion
Measurements of Ht, Hb and PP indicated that the desired alterations in fluid volumes of the vascular and extravascular spaces were achieved. Circulating RBC mass in hemorrhaged pigs decreased. Fluid volume in the extravascular space in hypotonic saline-infused pigs increased. The RBC concentration in dextraninfused pigs decreased, and fluid volume in the vascular bed and extravascular space in waterdeprivation pigs decreased.
Postmortem muscle metabolism of pigs exsanguinated after MgSO4 anesthesia was retarded. Modification of fluid volumes before MgSO4 had no effect on postmortem muscle glycolysis.
Numerous studies have shown that application of stress in pigs displaying PSE muscle results in rapid onset of anoxia (Forrest et al., 1968; Cassens et al., 1975) . According to Ekblom et al. (1971 Ekblom et al. ( , 1976 exercise efficiency of humans was reduced by 20 to 25% after 800 ml blood loss. Therfore, it was expected that reduction of RBC mass by hemorrhage or dextran infusion would affect stress susceptibility and postmortem muscle metabolism of pigs. However, postmortem muscle metabolism and meat quality of hemorrhage pigs and dextraninfused pigs were similar to those of controls. Postmortem muscle metabolism of waterdeprivation pigs, in which RBC concentration was increased, was also similar to control, hemorrhage and dextran-infused pigs. These results indicate that RBC mass is not a factor controlling the rate of postmortem muscle metabolism in pigs exsanguinated in stress conditions. Thus, anoxia during stress in stresssusceptible pigs may be of intracellular origin. An increase in the volume of fluid in the extravascular space by infusion of hypotonic saline resulted in acceleration of postmortem muscle glycolysis in these pigs during application of stress. Infusion of hypotonic saline appeared to make stress-resistant barrows susceptible to stress. It was difficult to elucidate the mechanisms involved from measurement of blood indices and metabolites. Increases in Ht, Hb and PP were similar to those of the other groups. There were some differences between groups during antemortem treatments in plasma-glucose increases, but they do not account for the development of hyperthermia in hypotonic saline-infused pigs. The increases in plasma Pi were similar for the control, hypotonic saline-infused, hemorrhage and dextran-infused pigs after antemortem treatments. The increase in blood lactate during walking and stunning in hypotonic saline-infused pigs was higher than that of control, hemorrhaged and dextran-infused pigs; however, a similar increase occurred in water-deprived pigs. The variable response in plasma-cortisol concentrations during antemortem treatments prohibit a conclusion on the role of adrenal corticoids.
It must be assumed that the hypotonic fluid introduced iv resulted in increased unbound free water in the intracellular space of muscles because measurement of intracellular moisture is not possible by conventional methods. It is generally accepted that activity of intracellular components is greater in more dilute medium. When muscle stimulation during exsanguination is eliminated, as it was under MgS04 anesthesia, intracellular metabolism functioned at basal levels and, therefore, increased free water in the extravascular space was of little consequence. Elimination of muscle stimulation during exsanguination by antemortem administration of curare and (Bendall, 1966; Sair et al., 1970; McLoughlin, 1974) and MgSOa (Lister and Ratcliff, 1971 ) resulted in decreased rate of postmortem muscle metabolism in both stressresistant (Large White) and stress-susceptible (Pietrain) pigs, but differences between these breeds in rate of postmortem muscle metabolism were still pronounced. When antemortem stress conditions such as walking, restraining and stunning were applied, the increased level of free water in tissues may be a factor in accelerating intracellular metabolism. An increase in water volume in interstitial and intracellular spaces of muscle (Holmgren, 1956; Sjogaard and Saltin, 1982) , as well as an increase in total muscle volume (Jacobson and Kjellmer, 1964) , were recorded during muscle contraction in vivo. Thus, the level of free water in muscle at exsanguination may be an important factor controlling the rate of postmortem muscle metabolism regardless of other antemortem extra-and intramuscular factors.
